S low or fast motor neurons respectively synapse with type I muscle fibers responsible for fatigue-resistant low-force contractions or fatigable type IIb muscle fibers eliciting brief high-force outputs (fig. S1A) (1) (2) (3) . The biophysical properties of these motor neuron types are exquisitely matched to the muscle fiber contractile properties (1, (4) (5) (6) (7) (8) (9) . For instance, slow motor neurons, which possess low activation thresholds and long afterhyperpolarizations, can sustain long periods of low-frequency firing (1, (4) (5) (6) (7) (8) (9) . Fast motor neurons, in contrast, are larger, exhibit high activation thresholds with shorter afterhyperpolarizations, and can fire in high-frequency bursts (1, (4) (5) (6) (7) (8) (9) . Motor neurons with properties falling between these two extremes (which we call intermediate motor neurons) innervate muscle fibers with similarly intermediate characteristics (3) (4) (5) (6) 9) . We identified molecular markers for these motor neuron types and studied how motor neuron functional diversity is established.
We exploited the distinct fiber type composition of soleus, tibialis anterior, and quadriceps muscles in the early postnatal mouse hindlimb (fig. S1B) to retrogradely label, isolate, and obtain transcriptome profiles of motor pools enriched in motor neurons developing into either slow/ intermediate or fast types (fig. S1, C to O). One of the genes associated with a fast motor pool profile encoded Dlk1 ( fig. S1P ), a type I transmembrane protein related to the Notch ligand Delta, which functions in adipogenesis, postnatal myogenesis, and adult neurogenesis (10) (11) (12) . Dlk1 was selectively expressed by large a motor neurons, but not smaller a motor neurons or g motor neurons, throughout the spinal cord (Fig. 1 To test whether Dlk1 would be involved in motor neuron functional diversification, we performed whole-cell patch clamp recordings of late-gestation chick motor neurons engineered to stably express excess Dlk1 or control fluorescent protein ( fig. S3 ). Excess Dlk1 shifted biophysical properties toward a profile typical of fast motor neurons (Fig. 2, A and B, and fig. S4 , A to E), including elevated firing thresholds and frequencies and reduced afterhyperpolarization and firing periods ( Fig. 2C and fig. S4 , F to I).
We next analyzed motor neuron biophysical properties in acute spinal cord preparations of mice with the Dlk1 gene knocked out (Dlk1 KO ) ( fig. S5A ). Motor neurons in Dlk1 KO mice showed a shift in biophysical properties opposite to those driven by excess Dlk1 in the chick (Fig. 2C and  fig. S5 , B to F). In normal mice, the proportion of Dlk1 + motor neurons (34%) matched the proportion of motor neurons with a fast signature (30 to 32%) (Fig. 2, D and E, and fig. S6, A and B) . In Dlk1 KO mice, a similar proportion (30%) of motor neurons shifted to lower firing thresholds (Fig. 2D  and fig. S6 , E to G) and slow/intermediate biophysical signatures, resulting in an almost complete lack of motor neurons with a fast signature ( Fig. 2F and fig. S6 , C and D). Together, these data indicated that Dlk1 is both sufficient and necessary for promoting a fast biophysical signature in motor neurons.
To test how a shift away from fast toward slow/ intermediate motor neuron properties would affect neuromuscular function, we analyzed the gait of mice selectively lacking Dlk1 in the motor neuron lineage (Dlk1
CKO nor Dlk1 KO mice showed measurable alterations in gait kinematics, posture, cutaneous sensation, rotarod test, or water maze performance ( Fig. 3B and fig. S7 , E to N). However, Dlk1 CKO mice were deficient in braking and, to a lesser extent, propulsion velocities ( Fig. 3A and fig. S7O ), suggesting an inability to elicit the high forces needed in the extensor phase of the gait cycle (13) . Consistently, Dlk1 CKO mice showed abnormally low maximal limb force generation (Fig. 3C ). Loss of a fast motor neuron biophysical signature in these mice thus resulted in deficient peak force outputs. Through transcriptome profiling ( fig. S8 , A to C) we found that the shift of biophysical signatures in Dlk1-deficient motor neurons was accompanied by a shift in the expression of genes related to motor neuron type (Fig. 4A) but not of genes linked to generic or positional motor neuron identities ( fig. S8, D and E) , nor did we observe altered abundance of g motor neurons ( fig.  S8, G to I) . 58% of genes normally expressed by predominantly fast tibialis anterior and quadriceps motor pools were down-regulated, whereas genes normally expressed by the slow/intermediate soleus pool were up-regulated in the fast pools (Fig. 4A and fig. S8C ).
A (Fig. 4B and fig. S9, A to D) , encoding a b subunit of delayed-rectifier K + channels (14) . Because these channels help tune neuronal firing properties (15) and are expressed by early postnatal mouse motor neurons (16), we asked whether Kcng4 could influence motor neuron properties. Similar to Dlk1, excess Kcng4 promoted elevation of rheobase and firing frequency, while shortening repetitive firing periods (Fig. 4C and fig. S9 , E to H). However, unlike Dlk1, excess Kcng4 did not shift other motor neuron properties (Fig. 4D KO motor neurons (F) (boxed quadrant, pie charts: subpopulation with a fast signature): loss of motor neurons with a fast signature in Dlk1 KO mice (F). Paired two-tailed t-test in (C). *P < 0.05), **P < 0.01, ***P < 0.001. Error bars indicate SEM. NC (n = 10 motor neurons), but not extracellular Dlk1 ES (n = 14 motor neurons) nor Dll1 (n = 17 motor neurons), recapitulates Dlk1 activity. Excess Dlk1 had no effect on adjacent nontransfected motor neurons (Dlk1 ADJ , n = 26 motor neurons). Notch1 intracellular segment (NICD) abolishes Dlk1 effects on motor neuron properties (n = 10 motor neurons) (tables S6 and S7). (D) Dlk1 abolishes induction of the UAS::luciferase reporter by Notch1:Gal4 in Xenopus embryos. Luciferase normalized to constitutive Renilla fluorescence (n = 3 samples per condition in three experiments). Analysis of variance (ANOVA) was used in (A) and two-tailed t test in (B) to (D). *P < 0.05, **P < 0.01, ***P < 0.001. Error bars indicate SEM.
www.sciencemag.org SCIENCE VOL 343 14 MARCH 2014 and fig. S9I ). Thus, some but not all biophysical properties driven by Dlk1 are mediated by the secondary actor Kcng4.
The Dlk1 isoforms expressed in the mouse spinal cord can give rise to membrane-tethered or cleaved extracellular proteins (fig. S10, A and B) (11, 12 (Fig. 4C) . We further observed that only motor neurons forcedly expressing Dlk1, but not adjacent nontransfected motor neurons ( fig. S10C ), exhibited altered properties (Fig. 4C) , together suggesting that Dlk1 operates cell-autonomously to promote a fast biophysical signature.
In preadipocytes, Dlk1 actions involve the inhibition of Notch signaling (17) . Indeed, our expression of Dlk1 completely abolished the induction of a reporter for Notch activation in Xenopus embryos ( Fig. 4D and fig. S10D ). Moreover, forced expression of the canonical Notch activator Deltalike 1 (18) did not recapitulate the effects of excess Dlk1 on chick motor neuron properties (Fig.  4C) . Furthermore, cotransfection of constitutively active Notch1 abolished the ability of excess Dlk1 to alter motor neuron properties (Fig. 4B) , suggesting that Dlk1 action in motor neurons relies on Notch inhibition. Because Notch signaling is generally involved in cell fate decisions (18) , it is likely that Dlk1 action involves additional pathways to promote fast motor neuron identity.
Here we have shown that Dlk1 is both necessary and sufficient for determining fast motor neurons and their corresponding biophysical signature in the mouse and chick ( fig. S10E ). Dlk1 implements expression of motor neuron type-specific genes such as Kcng4, which modulates a subset of neural activity parameters. The result is a biophysical signature in motor neurons that supports peak neuromuscular outputs. The strategy by which expression of a neural activity modulator is confined to a subset of neurons may similarly drive functional diversity elsewhere in the developing nervous system.
The overall lack of topographic organization for slow or fast motor neurons suggests that motor neuron type is acquired independently of the mechanisms that, before muscle innervation, determine motor neuron positional (column or pool) identities (19, 20) . We still do not know when subsets of motor neurons acquire typespecific biophysical signatures, to what extent motor neuron functional diversification involves signals from muscle (21) , how motor neuron and muscle fiber types are matched (22) (23) (24) , or what causes the differential vulnerability of motor neuron types to disease or aging (25) . However, 57 years after the characterization of fast and slow motor neurons (1), we can now have insight into the molecular mechanisms that control their development and function.
